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The by now well-established scalar-isoscalar resonance f0(500) (the σ meson) seems potentially
relevant in the evaluation of thermodynamic quantities of a hadronic gas, since its mass is low.
However, we recall that its contribution to isospin-averaged observables is, to a surprising accuracy,
canceled by the repulsion from the pion-pion scalar-isotensor channel. As a result, in practice one
should not incorporate f0(500) in standard hadronic resonance-gas models for studies of isospin
averaged quantities. In our analysis we use the formalism of the virial expansion, which allows
one to calculate the thermal properties of an interacting hadron gas in terms of derivatives of the
scattering phase shifts, hence in a model-independent way directly from experimentally accessible
quantities. A similar cancellation mechanism occurs for the scalar kaonic interactions between the
I = 1/2 channel (containing the alleged K∗0 (800) or the κ meson) and the I = 3/2 channel.
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I. INTRODUCTION
Nowadays, there is no doubt about the existence of the
scalar-isoscalar resonance f0(500) (traditionally known
as the σ meson). This very wide resonance is best de-
scribed through its pole position, which according to the
Particle Data Group (PDG) lies in a rather conservative
range of Mσ−iΓσ/2 = (400− 550)−i(200-350) [1]. Such
a low range for the mass was first reported in the 2012
version of the PDG tables [2], while previous editions
quoted a very broad range 400-1200 MeV. Detailed stud-
ies of this resonance led to much smaller uncertainties:
in Ref. [3] the pole at
(
400± 6+31−13
)− i(278± 6+34−43) is ob-
tained, while in Ref. [4–7] the value (457+14−13)− i(279+11−7 )
is quoted (for a compilation of all estimates and numer-
ous references, see the mini-review ‘Note on scalar mesons
below 2 GeV’ in Ref. [1]).
The question that we clarify in this paper is the role of
the resonance f0(500) in thermal models for relativistic
heavy-ion collisions (for reviews see, e.g., Refs. [8, 9] and
references therein). Naively, one is tempted to include it
as a usual but broad Breit-Wigner resonance, as was done
for instance in Refs. [10, 11]. Notice that the pole mass
of f0(500) is light (even lighter than the kaon), hence it
might have a non-negligible effect on observables in more
accurate studies. Indeed, in Ref. [11] the effect of f0(500)
was found to increase the pion yield by 3.5%.
However, broad resonances should be treated with
care. Moreover, there are also repulsive channels in the
hadronic gas which must be taken into account on equal
footing. The appropriate framework here is the virial
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expansion (see, e.g., Ref. [12]). There, one uses only sta-
ble particles (pions, kaons, nucleons, ...) as degrees of
freedom, and their interactions are systematically incor-
porated in thermodynamics via coefficients of the virial
expansion. The second term of this expansion, corre-
sponding to the 2 → 2 reactions, is straightforward to
include, as it involves the phase shifts accurately known
from experiment. Within this approach, the attraction
due to the pole of f0(500) is encoded in the pion-pion
phase shift in the isoscalar-scalar (I = J = 0) channel.
In principle, this attraction could generate non-negligible
effects to thermodynamic properties. However, there is
also repulsion from the isotensor-scalar (I = 0, J = 2)
channel. It turns out that this repulsion, whose effect is
by construction not included in standard thermal mod-
els, generates a negative contribution to the second virial
coefficient. As a result, for isospin-averaged observables
where the isotensor channel has degeneracy (2I+ 1) = 5,
one finds an almost exact cancellation of the positive
contribution due to f0(500) from the isotensor channel.
This feature has been reported already in Ref. [13], and
more recently in Ref. [14], where similar conclusions were
reached concerning the four-quark condensates and scalar
susceptibilities of the hadron gas.
As a net result of the cancellation, the combined effect
of f0(500) and the isotensor-scalar channel on all isospin-
averaged properties of the hadron gas is negligible. This
is the basic result discussed in our study.
A similar, albeit partial, cancellation occurs also in
the pion-kaon S-wave interaction. The attraction in the
channel I = 1/2 is canceled by a repulsion occurring in
the I = 3/2 channel. In the attractive I = 1/2 channel
many studies find a kaon-like resonance, called a K∗0 (800)
meson or κ [15, 16].
The framework of the virial expansion in the context
of hot hadronic gas was used in numerous works, includ-
ing the nature of the repulsive terms [13, 17–22], meson
ar
X
iv
:1
50
6.
01
26
0v
2 
 [n
uc
l-t
h]
  1
4 S
ep
 20
15
2properties [23], thermal prediction from chiral perturba-
tion theory [24], or the treatment of the ∆(1232) reso-
nance [25–27].
The paper is organized as follows: in Sec. II we briefly
present the formalism and explicitly show the cancella-
tion between the isoscalar and the isotensor channels in
the S-wave (and also the D-wave) channels. In Sec. III
we illustrate the cancellation with the trace of the energy-
momentum tensor as a function of T , as well as for the
abundance of pions. In Sec. IV we describe the simi-
lar case of the kaonic resonance κ. Section V contains a
discussion of two-particle correlation, where the cancella-
tion mechanism does not occur and where f0(500) plays
a relevant role [28]. Finally, in Sec. VI we present further
discussion and conclusions.
II. INTERACTING PION GAS
A. The formalism
In modeling relativistic heavy-ion collisions, the study
of hadron emission at freeze-out is successfully performed
within thermal models (for reviews see, e.g., Refs. [8, 9]
and references therein). In this framework, the free en-
ergy of the hadron gas at temperature T , i.e., −kBT lnZ,
is represented as the sum of contributions of all (stable
and resonance) hadrons, whence
lnZ =
∑
k
lnZstablek +
∑
k
lnZresk , (1)
where k indicates the particle species. In practice, one
uses the list of existing particles from the PDG [1],
In the limit where the decay widths of resonances are
neglected, one has (for simplicity of notation we do not
include chemical potentials)
lnZstable,resk = fkV
∫
d3p
(2pi)3
ln
[
1± e−Ep/T
]±1
, (2)
where fk is the spin-isospin degeneracy factor, V is
the volume, ~p is the momentum of the particle, the
mass of the resonance is denoted as Mk, the energy is
Ep =
√
~p2 +M2k , and finally, the ± sign corresponds
to fermions or bosons, respectively. Once lnZ is deter-
mined, all other thermodynamic quantities follow.
As a better approximation for the partition function,
one can take into account the finite widths of resonances.
The quantity lnZk is replaced by the integral over the
distribution function dk(M):
lnZresk = fkV
∫ ∞
0
dk(M) dM
∫
d3p
(2pi)3
ln
[
1− e−Ep/T
]−1
.
(3)
For narrow resonances one can approximate dk(M)
with a (non-relativistic or relativistic) normalized Breit-
Wigner function peaked at Mk. In the zero-width limit
dk(M) = δ(M −Mk) and Eq. (3) reduces to Eq. (2).
For the case where the resonance is broad, or when
we need to include interactions between stable particles
which do not lead to resonances at all (such as repulsion),
we should use the virial expansion. Then the 2 → 2 re-
actions are incorporated according to the formalism of
Dashen, Ma, Bernstein, and Rajaraman [29, 30]. The
method, based on the virial expansion and valid for suf-
ficiently low temperatures (T  M , where M is the in-
variant mass of the pair), uses as key ingredients the
physical phase shifts which are well known for pion-pion
scattering. Then
dk(M) =
dδk(M)
pidM
. (4)
For simplicity of notation we focus on the case where
the only degrees of freedom are pions. The partition
function of the system up to second order in the virial
expansion is given via the sum
lnZ = lnZpi+fIJ
∫ ∞
0
dM
dδIJ
pidM
∫
d3p
(2pi)3
ln
[
1− e−Ep/T
]−1
,
(5)
where lnZpi is the contribution from free pions evaluated
according to Eq. (2), fIJ = (2I + 1)(2J + 1) is the spin-
isospin degeneracy factor. In the case in which a series of
narrow resonances labeled with k is present in the (I, J)
channel, the derivative of the phase shift sharply peaks
at the resonance positions according to
dδIJ
pidM
'
∑
k
ΓIJ,k
2pi
[
(M −MIJ,k)2 +
Γ2IJ,k
4
]−1
, (6)
thus one recovers the contribution of the (I, J) chan-
nel to the formula of Eq. (3) in the Breit-Wigner limit.
Moreover, for ΓIJ,k → 0 one obtains dδIJ/(pidM) =∑
k δ(M −MIJ,k), in agreement with Eq. (2) [30].
Quantum-mechanically, the quantity dδ/(pidM) has a
very simple interpretation: it is the difference of the
density of two-particle scattering states of the interact-
ing and free systems. For completeness, we present the
derivation of this well-known fact in the Appendix.
B. The cancellation
In Fig. 1 we report the experimental pipi phase shifts as
functions of the invariant mass up to 1 GeV and for dif-
ferent values of (I, J), as parametrized in Refs. [6, 7, 31].
From panel (a) it is clearly visible that the channel (0, 0)
is attractive (it is responsible for the emergence of the
f0(500) pole), while the channel (2, 0) is repulsive. The
channel (1, 1) is also attractive and corresponds to the
prominent ρ meson. The isoscalar and isovector D-wave
channels (J = 2) are reported in Fig. 1(b), showing that
the interaction strength in these channels is negligible.
In Fig. 2 we present the derivatives of the phase shifts
from Fig. 1, multiplied with fIJ/pi. We note from
panel (a) that the resonance f0(500) does not lead to
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FIG. 1. (color online) The parametrization of the pion-pion
scattering phase shifts plotted vs invariant mass for various
isospin-spin (IJ) channels, taken from Ref. [6, 7, 31].
a pronounced peak, but rather to a smooth plateau with
an integrable singularity close to the pion-pion thresh-
old, which follows from kinematics. Importantly, the
isotensor-scalar channel has a distribution, which up to
M ∼ 0.85 GeV is nearly a mirror reflection of the f0
channel. Note that this is achieved with the multiplica-
tion of the isotensor channel by the isospin degeneracy
factor (2I + 1) = 5, which occurs for isospin-averaged
quantities (see Sec. V for other cases). As a result, the
sum of the (0, 0) and (2, 0) channels nearly vanishes until
f0(980) takes over above M ∼ 0.85 GeV. We note that
the negative phase shifts in certain channels may be at-
tributed to repulsion due to the finite size of hadrons,
see, e.g. [13, 17–22].
Recall that chiral perturbation theory (χPT) predicts
cancellation between the S-wave isoscalar and isotensor
channels (for a historical review see, e.g., Ref. [32]). The
S-wave scattering lengths aI0, related to the phase shifts
near the threshold via δI0 = q aI0 + o(q
2), with q =√
M2/4−m2pi, read explicitly at lowest order χPT [33]:
a00 =
7
32pi
mpi
f2pi
, a20 = − 1
16pi
mpi
f2pi
. (7)
We note the opposite signs, hence cancellation, while
the relative strength between the isoscalar and isoten-
sor channels is −3.5. Inclusion of chiral corrections [34]
brings the ratio to the value −4.95± 0.16, while a global
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FIG. 2. (color online) The distributions 1/pifIJ dδIJ/dM , cor-
responding to the phase shifts of Fig. 1, plotted as functions
of the pipi invariant mass M . We note a nearly complete can-
cellation for the S-wave interactions between the I = 0 and
I = 2 channels up to M ∼ 0.85 GeV.
analysis including dispersion relations made in Ref. [35]
gives −4.79± 0.55. These values are compatible with −5
within the uncertainties. While χPT explains the can-
cellation near the threshold, its occurrence until as far
as M ∼ 0.85 GeV is a quite remarkable fact which goes
beyond standard χPT.
In Fig. 2(b) we display the ρ-meson channel, which
dominates the dynamics due to the fact that it is a pro-
nounced resonance, and also carries a large spin-isospin
degeneracy factor. In the remaining channels the inter-
action is very small. In addition, in the D-wave channel
there is also a partial cancellation between the (0, 2) and
(2, 2) channels at sufficiently low M .
III. CANCELLATION OF f0(500) IN THERMAL
MODELS
As the cancellation between the attraction from
f0(500) and the repulsion from the isotensor-scalar chan-
nel occurs at the level of the distribution functions
dk(M), it will generically persist in all isospin-averaged
observables. The purpose of the examples in this section
is to show, how much error one would make by solely
including the f0(500) and neglecting the isotensor repul-
4π
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FIG. 3. (color online) Pion, ρ-meson, isoscalar-scalar, and
isoscalar-tensor contributions to the volume density of the
trace of the energy-momentum tensor divided by T 4, plotted
as functions of T .
sion.
A. Trace of the energy-momentum tensor
In Fig. 3 we show the contribution to the trace of the
energy-momentum tensor of the hadron gas from various
channels: as expected, the contribution of a free pion
gas is dominant at low T , while the contribution of the
I = J = 1 channel (ρ meson) rises fast and overcomes
that of free pions due to a large degeneracy factor. We
note that the contribution from the attractive isoscalar-
scalar channel (dashed line) is nearly canceled by the
repulsive isotensor-scalar channel (dotted line).
B. Abundance of pions
The results of this subsection are of relevance to ther-
mal modeling of particle production in ultra-relativistic
heavy-ion collisions. In a simple version of this approach,
hadrons (stable and resonances) are assumed to achieve
thermal equilibrium, and later the resonances decay, feed-
ing the observed yields of stable particles [37, 38]. The
basic outcome are thus the abundances of various hadron
species, or their ratios, which allow to determine the val-
ues of the thermal parameters at freeze-out. The con-
tribution of light resonances is particularly important,
therefore the treatment of f0(500) is relevant.
In our study we use the SHARE [10, 36] code to inves-
tigate the effect of f0(500) on pion abundances. The
purpose of this study is to see, how much pions are
generated from the naive approach, where f0(500) is
improperly included as a wide Breit-Wigner pole with
Mσ = 484 MeV and Γσ/2 = 255 MeV. In Fig. 4 we
show the thermal model calculations carried out along
the same freeze-out line as in [20], and for the tempera-
ture of T = 156 MeV and all chemical potentials equal to
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FIG. 4. (color online) Relative contribution to the pion yield
from f0(500), evaluated with SHARE [10, 36] applied to A+A
collisions at various collision energies. The thick lines corre-
spond to the naive Breit-Wigner implementation of f0(500),
while the thin lines indicate the correct inclusion of combined
isoscalar-scalar and isoscalar-tensor channels. The points in-
dicate the corresponding contributions at the LHC.
zero at the LHC [37, 38] (the extra LHC points in Fig. 4).
We find that with the naive implementation, the relative
feeding of the f0(500) to the pion abundances (i.e., the
ratio of the number of pions originating from the f0(500)
to all pions) would be at a level of up to 5%, which is of
a noticeable size and in agreement with the conclusions
of Ref. [11].
However, in reality this contribution is not there due
to the cancellation mechanism with the isotensor-scalar
channel. The proper implementation of both the scalar-
isoscalar and scalar-isotensor channels according to the
phase-shift formula (4) for the density of states yields a
very small negative contribution of the combined scalar-
isoscalar and scalar-isotensor channels (at the level of
−0.3%) to the pion yields, as indicated in Fig. 4 by the
thin lines and the point below zero for the LHC.
We note that the proper implementation described
above leads to lower pion yields, thus higher model
hadron to pion multiplicity ratios, at a level of a few
percent. Of particular interest here are the kaon to pion
ratio, K+/pi+, and the proton to pion ratio, p/pi+. For
the former, the cancellation mechanism results in higher
values of the thermal model results. This may help to de-
scribe the horn structure [39] at
√
sNN = 7.6 GeV [40],
where models fall somewhat below the data [11]. The
latter is related to the LHC proton-to-pion puzzle [41],
where the thermal model noticeably overpredicts p/pi+.
With the cancellation of the f0(500) contribution, the
proton-to-pion puzzle becomes even stronger, opening
more space for possible novel interpretations [42].
IV. THE CASE OF K∗0 (800)
According to various works [15, 16], the attractive piK
channel with I = 1/2 and J = 0 is capable of the gener-
ation of a pole corresponding to the putative resonance
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FIG. 5. (color online) The pion-kaon S-wave phase shifts (a)
and their derivatives (b), multiplied with the isospin-spin de-
generacy factors, plotted as functions of the invariant mass.
K∗0 (800). This resonance has not been included in the
summary table of the PDG, but it is naturally expected
to exist as the isodoublet partner of the established res-
onances f0(500) or f0(980). This wide resonance has a
predicted mass of ∼ 680 MeV and a very large decay
width of ∼ 550 MeV, which makes its final assessment
quite difficult (see also the discussion in ‘Note on scalar
mesons below 2 GeV’ in Ref. [1]).
For the pion-kaon system, we use the effective-range
fits to the phase shifts given in Ref. [43]. The results
are plotted in Fig. 5, where the phase shifts and their
derivatives (multiplied with the isospin-spin degeneracy
factors) for the channels (0, 1/2) and (0, 3/2) are pre-
sented. Panel (b) also displays the sum (solid line), which
exhibits the partial cancellation of the two contributions.
Thus the conclusion here is similar, but less pronounced,
compared to the case of the σ meson. The I = 1/2 chan-
nel is dominated by the vector channel J = 1, represented
by the resonance K∗(892).
V. CORRELATIONS
Up to now we have considered only isospin-averaged
observables, where the isospin degeneracy factor of
(2I + 1) is present, leading to cancellation between the
(0, 0) and (2, 0) channels. The cancellation does not oc-
cur for correlation variables. Suppose, as an example,
that we investigate the correlated pi+pi+ pair production.
Then, their source will be the isotensor channel only, and
none will come from f0.
An investigation of this type has been reported in
Ref. [28], devoted to the analysis of the STAR Collab-
oration data [44] on resonance production. In particular,
for the pi+pi− pairs, the isospin Clebsch factors yield for
the number of pairs
npi+pi−(M) = 3nρ0(M) +
2
3
nf0(M) +
1
3
n(2,0)(M), (8)
where the factor of 3 in front of the ρ0 contribution comes
from the spin degeneracy. Since up to M ∼ 0.85 GeV (cf.
Fig. 2a) the ratio n(2,0)(M)/nf0(M) ' −1/5, the relative
yield of the isotensor channel compared to the isoscalar
channel in Eq. (8) is only about 10%, and there is no can-
cellation. We thus clearly see the potential importance
of the σ in studies of pion correlations [28].
VI. CONCLUSIONS
In this work we have presented, in the framework of
the virial expansion, that the contribution of the reso-
nance f0(500) (alias σ) to isospin-averaged observables
(thermodynamic functions, pion yields) is nearly per-
fectly canceled by the repulsion from the isotensor-scalar
channel. The cancellation occurs from a “conspiracy”
of the isospin degeneracy factor, and the physical values
for the derivative of the phase shifts with respect to the
invariant mass. Thus, the working strategy in thermal
models of hadron production in relativistic heavy-ion col-
lisions, which incorporate stable hadrons and resonances,
is to leave out f0(500) from the sum over resonances. In-
cluding it, would spuriously increase the pion yields at a
level of a few percent. Alternatively, one may use phys-
ical phase shifts to do more accurate studies, but then,
of course, all relevant isospin channels must be incor-
porated. The validity of the conclusion is for tempera-
tures T smaller than the invariant mass of the hadronic
pair. The lowest mass comes from the two-pion thresh-
old, hence T < 300 MeV, which is a comfortable bound.
A similar cancellation occurs for K∗0 (800) (alias κ) with
quantum numbers I = 1/2, J = 0, whose contribution
is compensated by the I = 3/2, J = 0 channel. On the
other hand, in correlation studies of pion pair production,
there is no cancellation mechanism.
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Appendix A: Derivation of the phase-shift formula
For completeness, in this Appendix we quote the
quantum-mechanical derivation of the phase-shift for-
mula of Eq. (3). The relative radial wave function of
a pair of scattered particles with angular momentum l,
interacting with a central potential, has the asymptotic
behavior ψl(r) ∝ sin[kr − lpi/2 + δl], where k = |~k| is
the length of the three-momentum, and δl is the phase
shift. If we confine our system into a sphere of radius R,
the condition kR − lpi/2 + δl = npi with n = 0, 1, 2, ...
must be met, since ψl(r) has to vanish at the boundary.
Analogously, in a free system kR− lpi/2 = nfreepi. In the
limit R→∞, upon subtraction,
δl
pi
= n− nfree. (A1)
Differentiation with respect to M yields immediately the
interpretation, that the distribution dδl/(pidM) is equal
to the difference of the density of states in M of the
interacting and free systems [12].
[1] K. Olive et al. (Particle Data Group), Chin.Phys. C38,
090001 (2014).
[2] J. Beringer et al. (Particle Data Group), Phys.Rev. D86,
010001 (2012).
[3] I. Caprini, G. Colangelo, and H. Leutwyler,
Phys.Rev.Lett. 96, 132001 (2006), arXiv:hep-
ph/0512364 [hep-ph].
[4] R. Kaminski, J. Pelaez, and F. Yndurain, Phys.Rev.
D77, 054015 (2008), arXiv:0710.1150 [hep-ph].
[5] R. Kaminski, J. Pelaez, and F. Yndurain, Phys.Rev.
D74, 014001 (2006), arXiv:hep-ph/0603170 [hep-ph].
[6] R. Garcia-Martin, R. Kaminski, J. Pelaez, and
J. Ruiz de Elvira, Phys.Rev.Lett. 107, 072001 (2011),
arXiv:1107.1635 [hep-ph].
[7] R. Garcia-Martin, R. Kaminski, J. Pelaez, J. Ruiz de
Elvira, and F. Yndurain, Phys.Rev. D83, 074004 (2011),
arXiv:1102.2183 [hep-ph].
[8] W. Florkowski, Phenomenology of Ultra-Relativistic
Heavy-Ion Collisions (World Scientific Publishing Com-
pany, Singapore, 2010).
[9] P. Braun-Munzinger, K. Redlich, and J. Stachel, in
Quark Gluon Plasma 3, edited by R. Hwa and X. N.
Wang (World Scientific, Singapore, 2004) arXiv:nucl-
th/0304013.
[10] G. Torrieri, S. Steinke, W. Broniowski, W. Florkowski,
J. Letessier, et al., Comput.Phys.Commun. 167, 229
(2005), arXiv:nucl-th/0404083 [nucl-th].
[11] A. Andronic, P. Braun-Munzinger, and J. Stachel,
Phys.Lett. B673, 142 (2009), arXiv:0812.1186 [nucl-th].
[12] L. D. Landau and E. M. Lifshitz, Statistical Physics, Part
1 (Elsevier, Amsterdam, 1980).
[13] R. Venugopalan and M. Prakash, Nucl.Phys. A546, 718
(1992).
[14] A. Gomez Nicola, J. Pelaez, and J. Ruiz de Elvira,
Phys.Rev. D87, 016001 (2013), arXiv:1210.7977 [hep-
ph].
[15] D. Lohse, J. Durso, K. Holinde, and J. Speth, Phys.Lett.
B234, 235 (1990).
[16] A. Dobado and J. Pelaez, Phys.Rev. D47, 4883 (1993),
arXiv:hep-ph/9301276 [hep-ph].
[17] G. Welke, R. Venugopalan, and M. Prakash, Phys.Lett.
B245, 137 (1990).
[18] V. Eletsky, J. I. Kapusta, and R. Venugopalan,
Phys.Rev. D48, 4398 (1993), arXiv:hep-ph/9306211
[hep-ph].
[19] A. Kostyuk, M. Gorenstein, H. Stoecker, and
W. Greiner, Phys.Rev. C63, 044901 (2001), arXiv:hep-
ph/0004163 [hep-ph].
[20] V. Begun, M. Gazdzicki, and M. Gorenstein, Phys.Rev.
C88, 024902 (2013), arXiv:1208.4107 [nucl-th].
[21] E. Ruiz Arriola, L. Salcedo, and E. Megias, Acta
Phys.Polon. B45, 2407 (2014), arXiv:1410.3869 [hep-ph].
[22] M. Albright, J. Kapusta, and C. Young, Phys.Rev. C90,
024915 (2014), arXiv:1404.7540 [nucl-th].
[23] A. Dobado, A. Gomez Nicola, F. J. Llanes-Estrada, and
J. Pelaez, Phys.Rev. C66, 055201 (2002), arXiv:hep-
ph/0206238 [hep-ph].
[24] J. Pelaez, Phys.Rev. D66, 096007 (2002), arXiv:hep-
ph/0202265 [hep-ph].
[25] K. Denisenko and S. Mrowczynski, Phys.Rev. C35, 1932
(1987).
[26] W. Weinhold, B. Friman, and W. Noerenberg, Acta
Phys.Polon. B27, 3249 (1996).
[27] W. Weinhold, B. Friman, and W. Norenberg, Phys.Lett.
B433, 236 (1998), arXiv:nucl-th/9710014 [nucl-th].
[28] W. Broniowski, W. Florkowski, and B. Hiller, Phys.Rev.
C68, 034911 (2003), arXiv:nucl-th/0306034 [nucl-th].
[29] R. Dashen, S.-K. Ma, and H. J. Bernstein, Phys.Rev.
187, 345 (1969).
[30] R. Dashen and R. Rajaraman, Phys.Rev. D10, 694
(1974).
[31] J. Nebreda, J. Pelaez, and G. Rios, Phys.Rev. D83,
094011 (2011), arXiv:1101.2171 [hep-ph].
[32] J. Gasser, PoS EFT09, 029 (2009).
[33] S. Weinberg, Phys. Rev. Lett. 17, 616 (1966).
[34] G. Colangelo, J. Gasser, and H. Leutwyler, Phys.Lett.
B488, 261 (2000), arXiv:hep-ph/0007112 [hep-ph].
[35] J. Pelaez and F. Yndurain, Phys.Rev. D71, 074016
(2005), arXiv:hep-ph/0411334 [hep-ph].
[36] M. Petran, J. Letessier, J. Rafelski, and G. Tor-
rieri, Comput.Phys.Commun. 185, 2056 (2014),
arXiv:1310.5108 [hep-ph].
[37] J. Stachel, A. Andronic, P. Braun-Munzinger, and
K. Redlich, J.Phys.Conf.Ser. 509, 012019 (2014),
arXiv:1311.4662 [nucl-th].
[38] M. Floris, Nucl.Phys. A931, 103 (2014), arXiv:1408.6403
[nucl-ex].
[39] M. Gazdzicki and M. I. Gorenstein, Acta Phys. Polon.
B30, 2705 (1999), arXiv:hep-ph/9803462 [hep-ph].
7[40] C. Alt et al. (NA49), Phys.Rev. C77, 024903 (2008),
arXiv:0710.0118 [nucl-ex].
[41] B. Abelev et al. (ALICE), Phys.Rev.Lett. 109, 252301
(2012), arXiv:1208.1974 [hep-ex].
[42] V. Begun, W. Florkowski, and M. Rybczynski,
Phys.Rev. C90, 014906 (2014), arXiv:1312.1487 [nucl-
th].
[43] P. Estabrooks, A. D. Martin, G. Brandenburg,
R. Carnegie, R. Cashmore, et al., Nucl.Phys. B106, 61
(1976).
[44] J. Adams et al. (STAR), Phys.Rev.Lett. 92, 092301
(2004), arXiv:nucl-ex/0307023 [nucl-ex].
